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ABSTRACT
Bayesian atmospheric retrieval tools can place constraints on the properties of brown dwarfs and hot Jupiters
atmospheres. To fully exploit these methods, high signal-to-noise spectral libraries with well-understood uncertainties
are essential.
We present a high signal-to-noise spectral library (1.10-1.69 µm) of the thermal emission of 76 brown dwarfs and
hot Jupiters. All our spectra have been acquired with the Hubble Space Telescope’s Wide Field Camera 3 instrument
and its G141 grism.
The near-infrared spectral types of these objects range from L4 to Y1. Eight of our targets have estimated masses
below the deuterium-burning limit. We analyze the database to identify peculiar objects and/or multiple systems,
concluding that this sample includes two very-low-surface-gravity objects and five intermediate-surface-gravity objects.
In addition, spectral indices designed to search for composite atmosphere brown dwarfs, indicate that eight objects
in our sample are strong candidates to have such atmospheres. None of these objects are overluminous, thus their
composite atmospheres are unlikely a companion-induced artifact. Five of the eight confirmed candidates have been
reported as photometrically variable, suggesting that composite atmospheric indices are useful in identifying brown
dwarfs with strongly heterogeneous cloud covers.
We compare hot Jupiters and brown dwarfs in a near-infrared color-magnitude diagram. We confirm that the coldest
hot Jupiters in our sample have spectra similar to mid-L dwarfs, and the hottest hot Jupiters have spectra similar
to those of M-dwarfs. Our sample provides a uniform dataset of a broad range of ultracool atmospheres, allowing
large-scale, comparative studies, and providing a HST legacy spectral library.
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1. INTRODUCTION
Over the past decade, increasingly detailed observa-
tions are available on a wide range of objects: spec-
troscopic information is now available on hot Jupiters
(e.g., Stevenson et al. 2014a; Ranjan et al. 2014; Line
et al. 2016; Evans et al. 2017; Sheppard et al. 2017), di-
rectly imaged exoplanets (e.g., Samland et al. 2017; Ra-
jan et al. 2017), and over a thousand brown dwarfs (e.g.,
Cushing et al. 2005; Kirkpatrick 2005; Burgasser et al.
2006a; Apai et al. 2013; Buenzli et al. 2014; Schneider
et al. 2015). These datasets have enabled major steps
in the complexity and quantitative evaluation of atmo-
spheric models. A particularly significant advancement
has been the adaptation of Bayesian modeling frame-
work first for hot Jupiters (e.g., Madhusudhan & Seager
2009; Line et al. 2013; Lee et al. 2014; Gandhi & Mad-
husudhan 2017; Pinhas et al. 2018; Fisher & Heng 2018)
and smaller transiting planets (Benneke & Seager 2012),
then for directly-imaged exoplanets (Todorov et al. 2016;
Lavie et al. 2017), and, most recently, for brown dwarfs
(Line et al. 2015, 2017; Madhusudhan et al. 2016).
The Bayesian modeling framework – although often
less detailed than forward models – has two key advan-
tages: first, it provides a probabilistic assessment of the
fitted parameters and degeneracies, even if the parame-
ter space is highly complex. Second, it enables system-
atic, comprehensive, unbiased modeling of large number
of atmospheres, allowing for detailed comparative stud-
ies of the posterior distributions of the model param-
eters (e.g., C/O ratios, molecular abundances, surface
gravities). Although the information provided by pos-
terior distributions is very powerful, it must be remem-
bered that the probabilities derived for individual model
components are only correct under the assumption that
the data and uncertainties are correctly represented by
the priors, and that the modeling framework itself is
complete and correct. For example, data with hidden
biases (resulting in incorrect priors) will yield system-
atically incorrect posteriors. In this sense, due to typ-
ical observational biases, it is particularly challenging
to compare objects over a broad range of parameters
(e.g., very different temperatures or surface gravities).
In fact, no spectral library with well understood sys-
tematics exists for ultracool atmospheres (hot Jupiters,
directly imaged exoplanets, brown dwarfs). In short, to
exploit the potential of atmospheric retrievals and enable
rigorous comparative studies of atmospheres, homoge-
neous spectral datasets with well-understood systematics
are required.
Comprehensive spectral libraries exist for brown
dwarfs (Kirkpatrick et al. 1999, 2000; Leggett et al.
2000; Burgasser et al. 2002; McLean et al. 2003; Cush-
ing et al. 2005; Kirkpatrick 2005; Burgasser et al. 2006b,
the SpeX spectral library1, the Montreal spectral li-
brary2, and references therein) built from ground-based
spectroscopy of hundreds of brown dwarfs in dozens of
studies. These libraries have played and continue to
play essential roles in a broad range of brown dwarf
studies. However, existing ground-based spectral li-
braries were built from data that are non-uniform in
terms of instruments, observing conditions, setups, and
usually reduced slightly differently by different groups.
While these spectral libraries remain powerful, these
datasets have several limitations for atmospheric re-
trieval studies: first, it is not possible to reliably cap-
ture the variety of differences in data acquisition, qual-
ity, and reduction with priors due to the unknowns in-
volved. Second, ground-based observations unavoidably
are influenced by telluric absorption, most notably by
water bands. Although it is possible to correct for these
to some extent, their time-varying nature and the op-
tical depth in the bands lead to limited reliability in
these bands. In fact, quantitative comparisons (Apai,
priv. comm.) of some brown dwarfs with SpeX spec-
tra and Hubble Space Telescope Wide Field Camera 3
near-infrared grism spectra, revealed mismatches in wa-
ter band shape, and overall color (wavelength-dependent
slope). We show these differences in Fig. 1. In the
left column, we show the direct comparison of the near
infrared SpeX (black) and HST/WFC3 spectra (blue)
for randomly selected brown dwarfs with spectra in
the SpeX and in our HST/WFC3 near infrared library,
and with spectral types between L5.5 and T6. In the
right column, we show the ratio of the SpeX and the
HST/WFC3 near infrared spectra for the object in the
left column. We show a green line indicating where a
perfect match between the SpeX and the HST/WFC3
spectra should be (ratio Spex vs HST/WFC3 equal 1).
In addition, we fit a line to the slope of the ratio between
the two spectra, avoiding the water band at 1.4 µm, (see
black line) showing that in most of the cases, the slope is
non-zero, indicating color trends on the SpeX spectra.
In these plots a common mismatch between the SpeX
and the HST/WFC3 near infrared spectra at the 1.4 µm
1 The SpeX Prism Library is composed by low-resolution, near-
infrared spectra, primarily of low-mass stars and brown dwarfs,
obtained with the SpeX spectrograph mounted on the 3 m NASA
Infrared Telescope Facility on Mauna Kea, Hawaii. The data pro-
vided here have been obtained using the prism-dispersed mode
of SpeX with an average resolution of ∼120 and spectra span-
ning 0.90-2.50 µm: http://pono.ucsd.edu/~adam/browndwarfs/
spexprism/library.html
2 https://jgagneastro.wordpress.com/the-montreal-spectral-
library/
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water band is also evident, due to imperfect telluric cor-
rection. Given that the photometric precision and in-
strumental systematics of the HST/WFC3 instrument
are very well understood, and that the HST/WFC3 near
infrared spectra are not affected by tellurics, the com-
parison reveals that low-level biases exist in the ground-
based spectral libraries. While these corrections are
well-suited for forward-modeling and object-to-object
comparisons, they are often limiting for retrieval studies.
For example, Line et al. (2015) applied Bayesian at-
mospheric retrieval tools to SpeX spectra to derive ther-
mal structures and molecular abundances of some brown
dwarfs. Nevertheless, they could only reach convergence
in their Markov Chain Monte Carlo retrievals if they as-
sumed that the SpeX spectral uncertainties were under-
estimated. Thus, they artificially increased the SpeX
spectral uncertainties that could reach a maximum of
a factor of 100. In this case, it is impossible to dis-
entangle if Line et al. (2015) models were incomplete,
or the uncertainties of the datasets were not accurately
estimated and understood. Therefore, to properly test
retrieval models, there is an obvious need for a uniform,
space-based spectral library with well-understood spec-
tral uncertainties.
In this paper, we are presenting a high signal-to-noise
spectral library with 76 near-infrared WFC3/HST spec-
tra of brown dwarfs, low-mass companions to stars, and
hot Jupiters. Our study supplements the HST Cloud
Atlas Treasury program data (GO 14241, PI: D. Apai)
with other published datasets (see Section A), carefully
analyzing and correcting for (typically very small) data
reduction differences. The advantage of the HST/WFC3
instrument is that it provides near-infrared spectroscopy
(1.10–1.69 µm, S/N up to 3,000 in the J-band) where
the SED (Spectral Energy Distribution) of these objects
peak, and we observe the dominant absorbing species for
brown dwarfs.
Besides the presentation of our HST/WFC3 near in-
frared spectral library, the goal of this study is to provide
a comprehensive characterization of the objects of our
sample. This spectral characterization is important to
validate if the results provided by the retrieval models
match with the expectations for a given object. In fact,
Line et al. (2015) used two well-characterized T dwarfs,
Gl 570D and HD 3651B, to test their retrievals, confirm-
ing that the effective temperatures, surface gravities,
masses, radii, etc., were consistent with the expected
values for those T-dwarfs. Therefore, we aim to pro-
vide a basic characterization of our sample, and also to
identify peculiar objects: extremely red or blue brown
dwarfs, revealing low surface gravity or low metallicity
objects, and overluminous brown dwarfs, potentially re-
vealing multiple systems. In addition, we use spectral
indices (Burgasser et al. 2006b, 2010; Bardalez Gagliuffi
et al. 2014) to search for spectral binaries. As a by-
product of this analysis, we found that these spectral
indices can also be useful to search for variable brown
dwarfs. In addition, we show the potential of our spec-
tral library by performing a novel direct photometric
and spectroscopic comparison between hot Jupiters and
brown dwarfs, that can be only be accomplished at this
level of accuracy with data acquired from the space.
This comparison confirms that some hot Jupiters share
effective temperatures and spectra with some M and L
dwarfs.
In Section 2, we describe the targets that we include
in the near infrared HST/WFC3 spectral library. In
Section 3 we derive spectral types for our sample using
the SpeX Prism Spectral Library. In Section 4 we com-
pare the L and T dwarfs with other brown dwarfs from
Dupuy & Liu (2012) using a color-magnitude diagram.
In Section 5 we search for low surface gravity objects in
our sample using low surface gravity spectral indices. In
Section 6, we search for composite atmosphere objects
within our sample. In Section 7 we measure the water
and methane bands on objects of our sample, to trace
the change on the depth of those bands with the near
infrared spectral type. In Section 8 we directly compare
colors and spectra of brown dwarfs and hot Jupiter in a
color-magnitude diagram and finding the best matching
brown dwarf to every of the hot Jupiters in our sample.
Finally, in Section 9 we present our conclusions.
2. TARGETS
We compiled all spectra of brown dwarfs (including
planetary-mass brown dwarfs), brown dwarf compan-
ions to stars, and hot Jupiter with emission spectra with
published data from HST/WFC3 and its G141 grism
(MacKenty et al. 2010). In addition, we present seven
unpublished spectra observed as part of the Cloud At-
las treasury program (GO 14241, PI Apai), and other
two brown dwarf spectra that belong to the HST pro-
gram GO 13299 and 14051 (PI Radigan). These spectra
cover the wavelength range between ∼1.10 and 1.69 µm,
with a spectral resolving power R = λ∆λ = 130 at 1.4
µm. The image scale of WFC3/IR is 0.13 arcsec/pixel.
In Tables 1 and 2 we provide the list of objects with
names, celestial coordinates, and HST program identi-
fiers in which the objects were observed, as well as the
most relevant references in which this spectra were first
published (Buenzli et al. 2012, Buenzli et al. 2014, Buen-
zli et al. 2015, Yang et al. 2015, Yang et al. 2016, Lew
et al. 2016, Manjavacas et al. 2018, Pen˜a Ramı´rez et al.
2015, Zhou et al. 2018, Biller et al. 2018, Apai et al.
4 Manjavacas et al.
Figure 1. In the left column, we show a direct comparison between the SpeX and the HST/WFC3 near infrared spectra.
In the right column we show the ratio between the SpeX and the HST/WFC3 near infrared spectra. These plots reveal clear
differences in the water band at 1.4 µm between both spectra, and color trends shown by non-zero slopes of the linear fits.
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2013, Schneider et al. 2015, Line et al. 2016, Haynes
et al. 2015, Cartier et al. 2017, Stevenson et al. 2014a,
Ranjan et al. 2014, Beatty et al. 2017, Stevenson et al.
2014b, Evans et al. 2017, Sheppard et al. 2017, and this
work). In Table 1, for brown dwarfs and substellar com-
panions, we specify their spectral types, Two Micron
All Sky Survey (2MASS, Cutri et al. 2003) photome-
try, and trigonometric parallaxes, the signal-to-noise as
measured at 1.25 µm from the corresponding HST pro-
grams, the HST program for which each object was ob-
served, and the references in which these spectra were
published. For hot Jupiters (Table 2) we also list the
spectral types of the host stars, the star–planet separa-
tions, and the radii of the planets. In Figures 2, 3, and
4 we show the spectra of the objects used in our study,
76 in total (22 L dwarfs, 28 T dwarfs, 16 Y dwarfs and
10 hot Jupiters), from which nine are presented here for
the first time. Some of the objects in our sample in
Table 1 have been classified as planetary-mass objects
(M < 13 MJup). We list these objects in Table 3 along
with their estimated masses, ages, young moving group
membership (if known), and key references.
The observing log, including the observing dates,
number of orbits per visit, exposure time of each sin-
gle exposure, and the number of single exposures per
orbit is compiled in Table A1 in the Appendix.
The datasets and the data reduction by the authors
that published the spectra presented in Tables 1 and 2
are described in Appendix A.
6 Manjavacas et al.
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3. SPECTRAL TYPES
The spectral types provided in column 3 of Table 1 for
brown dwarfs and substellar companions are those given
in the literature from the different sources. To provide a
homogeneous spectral type classification, we compared
our HST/WFC3 spectra to the spectra in the SpeX
Prism Spectral Library. We compared our HST/WFC3
spectra using a modified χ2 metric as presented in Cush-
ing et al. (2008):
G =
∑
λ
[
C(λ)− αT (λ)
σc(λ)
]2
, (1)
where C(λ) is the spectrum of our object, T (λ) is
the comparison spectrum, α is a scaling factor that
minimizes G, and σc(λ) are the uncertainties of the
spectrum. We additionally checked the best spectral
matches by visual inspection.
In column 4 of Table 1 we show the resulting spec-
tral types for each object. We found that the spec-
tral types derived using the SpeX library are consis-
tent with those published for each object in the lit-
erature, matching typically to within +/- 1.5 spectral
sub-types. The only exceptions are some of the known
intermediate- or low-surface gravity objects in our sam-
ple. For these objects (CD-352722, LP 261-75b, 2MASS
J2224438-015852, 2MASS J0310559+164816, S Ori 73)
the difference in spectral types with respect to the liter-
ature values can be up to ±3 spectral sub-types. These
differences are expected, as the SpeX spectral library
is mostly composed of field, i.e., high-surface gravity
brown dwarfs.
4. COLOR-MAGNITUDE DIAGRAMS
We use near-infrared color-magnitude diagrams
(CMDs) for a simple, yet quantitative comparisons
of the L and T brown dwarfs in this study to those
published in Dupuy & Liu (2012), with the aim of iden-
tifying peculiar objects (extremely red or extremely blue
dwarfs), or multiple systems. In Figure 5 we show the
CMD plot, 2MASS J − H color versus J-band abso-
lute magnitude, for L and T brown dwarfs of Table 1
and objects from Dupuy & Liu (2012) as a comparison.
We calculated the absolute J-band magnitude using
trigonometric parallaxes, when available. Black stars
represent objects from our sample listed in Table 1 with
trigonometric parallaxes available in the literature. We
do not include Y dwarfs in this CMD, as there are few
other Y dwarfs for comparison. Red dots represent L
dwarfs, green dots represent L-T brown dwarfs, and blue
dots represent T dwarfs with trigonometric parallaxes
published in Dupuy & Liu (2012). The solid grey line
represents the color-absolute magnitude relationship for
brown dwarfs, and the dotted grey line represents the
rms (root-mean-square) of that relation.
The object 2MASS J00470038+6803543 (hereafter
W0047, L7, object 9) stands out outside the rms of
the color-absolute magnitude relation with red J − H
color index. Objects 2MASS J17503293+1759042 (here-
after 2M1750+1759, object 32) and 2MASS J05591914-
1404488 (hereafter 2M0559-1404, object 34) are overlu-
minous with respect to the other L-T transition objects,
as they are above the rms of the color-magnitude rela-
tion for brown dwarfs (Dupuy & Liu 2012). The cause
of their overluminosity is unknown, as no multiplicity
has been reported previously for these objects.
5. LOW SURFACE GRAVITY OBJECTS
5.1. Gravity Index Determination
We use the low surface gravity indicators presented in
Allers & Liu (2013) that are applicable to our sample
up to spectral type L7. We aim to search for as-of-yet-
unidentified low surface gravity objects and to confirm
those that have been classified as low surface gravity ob-
jects previously. Due to the spectral wavelength cover-
age of our HST/WFC3 spectra and their resolution, only
the H- continuum and the KIJ indices are applicable to
our spectra. The H-continuum measures the shape of
the H-band, that has been found to be triangular for
most of the very low-gravity brown dwarfs (<100 Myrs)
with spectral types between M6 and L7. Intermediate
and field gravity brown dwarfs show a ”shoulder” at
1.57 µm indicative of the appearance of the FeH molec-
ular absorption and the collisionally-induced absorption
by H2 molecules (Borysow et al. 1997; Allard et al.
2012). Allers & Liu (2013) warned, though, that this in-
dex needs to be used in combination with others, as the
H-band is also triangular for some objects that do not
have low surface gravity. The KIJ index measures the
alkali line doublet depth at 1.244 and 1.253 µm. These
have been found to be weaker for low surface gravity
objects of spectral types between M5 to L7. The con-
tinuum, center, and bandwidth of these indices are de-
scribed in Table 4. Their values are calculated using
equation 1 from Allers & Liu (2013). Different values
for the KIJ and H-continuum indices correspond to dif-
ferent gravity scores: 0, 1 and 2, corresponding to field
gravity (FLD-G), intermediate (INT-G), or low surface
gravity objects (VL-G), respectively. The ranges of val-
ues of the KIJ and the H-continuum indices that cor-
respond to different gravity scores are given in Table 9
of Allers & Liu (2013). The KIJ and the H-continuum
indices and their gravity scores obtained for our objects
are shown in Table 5. In Figure 6 we show the spectral
type versus the KIJ and the H-continuum indices for
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9. W0047 - L6
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15. PSO 318-22 - L7
16. 2M2224 - L7.5
17. Luhman16a - L7.5
18. 2M0825 - L7.5
19. 2MUCD 10802 - L8
20. 2M1632+19 - L8
21. 2M0310+16 - L8
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L - dwarfs
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23. SDSS0758- T0+T3.5
24. 2M1039+32 - T1
25. 2M0909+65 - T1.5
26. 2M2139 - T2
27. 2M1324+63 - T2
28. 2M1629 - T2
29. HNPEG-B - T2.5
30. SIMP0136 - T2.5
31. GUPSCB - T3.5
32. 2M1750+17 - T3.5
33. 2M0000+25 - T4.5
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38. 2M0817-61 - T6
39. SOri 73 - T6
40. 2M0243-24 - T6
41. 2M1624+00 - T6
42. CFBDSIR2149 - T7
43. SOri70 - T7
44. ROSS458 - T8
45. WISE0325-5044 - T8
46. WISE0335+4310 - T9
47. WISE0404-6420 - T9
48. WISE2212-6931 - T9
49. WISE0943+3607 - T9.5
T - dwarfs
Figure 2. L and T dwarfs with HST/WFC3 spectra used as a part of this study. Flux is normalized at 1.25 µm.
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Table 2. Sample of hot Jupiters with HST/WFC3 spectroscopic data
Num. Name RA DEC SpT host piaT [mas] Separation [au] Planet radius [RJup] SNR
b HST Prog. Ref.
67 WASP-18b 01 37 25.03 -45 40 40.39 F6V 7.91±0.30 0.02014±0.00034 1.165±0.077 37.8 13467 9
68 WASP-33b 02 26 51.06 +37 33 01.73 A5 8.51±0.24 0.02555±0.00043 1.497±0.045 38.9 12495 2
69 HD 209458B 22 03 10.77 +18 53 03.54 G0V 20.47±0.02 0.04723±0.00079 1.359±0.015 6.4 13467 1
70 WASP-12b 06 30 32.79 +29 40 20.29 G0V 2.57±0.27 0.02253±0.00038 1.790±0.090 12.3 13467 4
71 WASP-121b 07 10 24.06 -39 05 50.55 F6V 3.82±0.25 0.02544±0.00050 1.865±0.044 13.3 14767 8
72 WASP-43b 10 19 38.01 -09 48 22.59 K7V 11.49± 0.04 0.01424±0.00041 0.930±0.070 12.5 13467 7
73 WASP-103b 16 37 15.57 +07 11 00.07 F8V 2.13±0.16 0.01987±0.00033 1.528±0.073 8.3 14050 3
74 TrES-3b 17 52 07.02 +37 32 46.18 K0V 4.29± 0.02 0.02272±0.00038 1.336±0.031 2.5 12181 5
75 Kepler-13Ab 19 07 53.15 +46 52 05.91 A0 1.91± 0.01 0.04171±0.00078 1.406±0.038 10.8 13308 6
76 WASP-4b 23 34 15.08 -42 03 41.14 G7V 3.63±0.70 0.02304±0.00042 1.341±0.023 4.4 12181 5
Note—[1] - Line et al. (2016), [2] - Haynes et al. (2015), [3] - Cartier et al. (2017), [4] - Stevenson et al. (2014a), [5] - Ranjan et al. (2014), [6] -
Beatty et al. (2017), [7] - Stevenson et al. (2014b), [8] - Evans et al. (2017), [9] - Sheppard et al. (2017)
aTrigonometric parallaxes delivered by Gaia Collaboration et al. (2018)
b The SNR is measured between 1.05 and 1.65 µm
Table 3. Age and mass estimates for the planetary-mass objects of our sample.
Num. Name SpT Mass (MJup) Age (Myr) YMG Ref.
3 2MASS J03552337+1133437 L5.0 13–30 ∼120 AB-Doradus 1
9 2MASS J00470038+6803543 L6.0 20+3−7 ∼120 AB-Doradus 2
15 PSO J318.5-22 L7.0 8.3±0.5 23±3 β-Pic 3, 4
30 SIMP J013656.5+093347.3 T2.5 12.7±1.0 ∼120 AB-Doradus 5
31 GU PSC B T3.5 11.9+2−1.5 ∼120 AB-Doradus 2
36 2MASS J11101001+0116130 T5.5 10–12 ∼120 AB-Doradus 6
42 CFBDSIR2149-0403 T7.0 2–13 <500 None 7
44 ROSS458C T8.0 5–20 <1000 None 8
Note—References: [1] - Faherty et al. (2013), [2] - Aller et al. (2016), [3] - Liu et al. (2013), [4] -
Allers et al. (2016) [5] - Gagne´ et al. (2017), [6] - Gagne´ et al. (2015a), [7] - Delorme et al. (2017),
[8] - Burningham et al. (2011).
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51. WISE0359-5401 - Y0
52. WISE0410+1502 - Y0
53. WISE0734-7157 - Y0
54. WISE1206+8401 - Y0
55. WISE1541-2250 - Y0
56. WISE1738+2732 - Y0
57. WISE2056+1459 - Y0
58. WISE2220-3628 - Y0
59. WISE2209+2711 - Y0:
60. WISE0825+2805 - Y0.5
61. WISE1405+5534 - Y0.5
62. WISE1639-6847 - Y0:
63. WISE0535-7500 - Y1
64. WISE0350-5658 - Y1
65. WISE0647-6232 - Y1
66. WISE2354+0240 - Y1
Y - dwarfs
Figure 3. Y dwarfs with HST/WFC3 spectra used as a part of this study. Flux is normalized at 1.25 µm.
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Hot Jupiters
Figure 4. Hot Jupiters with HST/WFC3 emission spectra used as a part of this study. Some error bars are smaller that the
symbol for the measurement.
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Figure 5. 2MASS J−H color versus MJ 2MASS absolute
magnitude diagram. The black stars correspond to L and T
dwarfs of our sample with measured trigonometric parallaxes
published in the literature. Red dots are L dwarfs, green dots
are L-T transitions dwarfs and blue dots are T dwarfs with
parallaxes published in Dupuy & Liu (2012). The solid grey
lines represent the color-absolute magnitude relationships for
brown dwarfs. The dotted grey lines represent the rms of
that relation. Objects lying outside the rms of the relation,
are catalogued extremely red or blue, or overluminous.
our sample (up to L7 spectral type) and for objects that
belong to young moving groups, γ and β dwarfs3, young
companions (Allers & Liu 2013; Bonnefoy et al. 2014),
and field brown dwarfs (McLean et al. 2003; Cushing
et al. 2005) for comparison.
5.2. Results: gravity class determination
Among the 16 objects in our sample with spectral
types up to L7 for which the KIJ and the H-continuum
indices could be measured, two have gravity scores con-
sistent with very low surface gravities, namely: CD-
352722B (object 1), and 2MASS J03552337+1133437
(object 3). Five objects had gravity scores consistent
with intermediate gravities, namely: 2MASSI J0421072-
630602 (object 6), 2MASS J00470038+6803543 (ob-
ject 9), 2MASS J01075242+0041563 (object 11), PSO
J318.5-22 (object 15), and 2MASSW J2224438-015852
(object 16).
CD-352722B and 2MASS J03552337+1133437 had
been reported before as low surface gravity objects
3 Optical classification for very low and intermediate surface
gravity, respectively (Cruz et al. 2009).
Table 4. Spectral indices to segregate young brown dwarfs
from Allers & Liu (2013).
Index λline (µm) λcont1 (µm) λcont2 (µm) Width in λ
KIJ 1.244 1.220 1.270 0.0166
H-cont 1.560 1.470 1.670 0.0208
(Wahhaj et al. 2011 and Faherty et al. 2013, respec-
tively), and they are also high-probability members of
the AB-Doradus moving group with an estimated age of
∼120 Myr (Zuckerman et al. 2004).
Object 2MASSI J0421072-630602 (object 6) was clas-
sified as intermediate-surface gravity (L5β) object by
Cruz et al. (2009) in optical wavelengths.
2MASS J00470038+6803543 (object 9) is an ex-
tremely red L-dwarf, and a bona fide member of the AB
Doradus moving group, for which intermediate surface
gravity characteristics have been previously reported
(Gizis et al. 2012; Allers & Liu 2013).
PSO J318.5-22 is also an extremely red L-dwarf for
which low surface gravity signatures have been found
Liu et al. (2013) and is a bona fide member of the β-
Pictoris moving group (age = 23±3 Myr, Zuckerman
et al. 2001; Mamajek & Bell 2014).
Object 2MASS J01075242+0041563 (object 11) does
not clearly show low surface-gravity spectral character-
istics (Gagne´ et al. 2015b), and it was found to be a pos-
sible member of the Hyades association (age ∼625 Myr,
Bannister & Jameson 2007). If confirmed, its age would
not be consistent with its intermediate gravity classifi-
cation (expected for objects with ages between 50 and
200 Myr, see Allers & Liu 2013).
Finally, 2MASSW J2224438-015852 (object 16) is an
extremely red L4.5 dwarf, that was classified as a field
dwarf by Liu et al. (2016) using the BANYAN II tool.
Martin et al. (1996) classified it as a field gravity object
using NIRSPEC/Keck II spectra to obtain Allers & Liu
(2013) indices in the J-band.
6. CANDIDATES FOR COMPOSITE
ATMOSPHERES
Our high-quality spectra are well-suited for explor-
ing the diversity of ultracool atmospheres, includ-
ing the identification of potentially composite (multi-
component) spectra. An obvious source of such com-
posite spectra are unresolved binaries with different
spectral types. However, given the very high occur-
rence rate of heterogeneous cloud cover in brown dwarfs
(Buenzli et al. 2014; Metchev et al. 2015), it is expected
that brown dwarfs with strong spectral heterogeneity
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Table 5. Values obtained for the H-continuum and KIJ indeces for our objects with their corresponding gravity scores.
Object Name H-continuum KIJ Gravity score per index Gravity class
1 CD-352722B 1.028±0.001 1.013±0.001 2 2 VL-G
2 2MASS J17502484-0016151 0.829±0.001 1.106±0.001 0 0 FLD-G
3 2MASS J03552337+1133437 0.982±0.001 1.046±0.001 2 2 VL-G
4 2MASS J18212815+1414010 0.867±0.001 1.101±0.001 0 0 FLD-G
5 2MASSW J1507476-162738 0.829±0.001 1.109±0.001 0 0 FLD-G
6 2MASSI J0421072-630602 0.892±0.001 1.070±0.001 1 1 INT-G
7 2MASS J05395200-0059019 0.806±0.001 1.109±0.001 0 0 FLD-G
8 2MASSI J1711457+223204 0.734±0.001 1.052±0.001 0 – FLD-G
9 2MASS J00470038+6803543 0.934±0.001 1.006±0.001 1 – INT-G
10 LP261-75B 0.713±0.004 1.076±0.001 0 1 FLD-G
11 2MASS J01075242+0041563 0.883±0.001 1.015±0.001 1 2 INT-G
12 2MASSW J1515008+484742 0.809±0.001 1.072±0.001 0 – FLD-G
13 2MASS J06244595-4521548 0.839±0.001 1.086±0.001 0 1 FLD-G
14 2MASSW J0801405+462850 0.869±0.001 1.059±0.001 0 – FLD-G
15 PSO J318.5-22 0.918±0.002 0.982±0.001 1 – INT-G
16 2MASSW J2224438-015852 0.898±0.001 1.084±0.001 1 1 INT-G
will also contribute to the population of composite at-
mospheres.
6.1. Search for composite atmosphere brown dwarfs
To identify potential composite spectra candidates in
our sample, we used the spectral indices from Burgasser
et al. (2006b, 2010) and Bardalez Gagliuffi et al. (2014).
These indices examine peculiar spectral characteristics
of spectroscopic L-plus-T and M-plus-T composite at-
mosphere brown dwarfs. L plus T composite spec-
tra have bluer SEDs (spectral energy distributions) in
the near-infrared than field objects of similar spectral
type. In cases of L-plus-T spectroscopic binaries atomic
and molecular features are blended, affecting the H2O
(1.15 µm) and CH4 (1.32 µm) molecular features. At
1.55 µm spectroscopic L+T binaries show larger flux
from the T dwarf. Burgasser et al. (2006b, 2010) and
Bardalez Gagliuffi et al. (2014) combine different pairs
of indices, defining those that segregate brown dwarfs
with composite spectra more efficiently.
The criteria to select potential brown dwarf composite
atmospheres, and the delimiters of the areas within the
plots comparing different indices that segregate spectro-
scopic brown dwarfs with composite spectra are defined
in Tables A3, A4 and A5 of the Appendix. We do not
measure indices that are outside the wavelength range of
the HST/WFC3 G141 near-infrared spectra. Thus, only
13 out of 18 available plots comparing indices from Bur-
gasser et al. (2006b, 2010) and Bardalez Gagliuffi et al.
(2014) are applicable to in our data (see Tables A4 and
A5). In Figures A2, A3 and A4 of the Appendix we
show the comparison of the spectral indices listed in Ta-
bles A4 and A5 of the Appendix. To be considered a
weak candidate to have a composite brown dwarf at-
mosphere, Burgasser et al. (2006b, 2010), and Bardalez
Gagliuffi et al. (2014) established that an object needs to
appear within the selection area of minimum four plots,
and to be considered a strong candidate, it needs to ap-
pear at least in 8 plots. Although due to the wavelength
coverage of the HST/WFC3 data we were not able to
perform 5 of the index comparisons in Burgasser et al.
(2006b, 2010), and Bardalez Gagliuffi et al. (2014), we
conservatively use the same criteria to select weak and
strong spectroscopic binaries.
6.2. Results: composite atmosphere candidates
We found that ten objects in our sample were se-
lected by the indices as weak composite spectra can-
didates: 2M0310+16 (object 21), 2M0624-45 (object
13), 2MUCD 10802 (object 19), 2M0909+65 (ob-
ject 25), 2M1039+32 (object 24), 2M1324+63 (object
27), 2M1515+48 (object 12), 2M1632+19 (object 20),
2M1711+22 (object 8), 2M1750-00 (object 2). In addi-
tion, we found 3 strong candidates to have composite
spectra: 2M1507-16 (object 5), 2M1219+31 (object 22),
and SIMP0136+09 (object 30).
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Figure 6. Spectral types versus H-continuum and KIJ
indices from Allers & Liu (2013). For comparison, we show
the value of these indices objects of the field (green squares),
young companions (purple triangles), β dwarfs (intermediate
surface gravity, orange crosses), γ dwarfs (very low gravity,
pink hourglass symbol) and young moving group members
(blue diamonds). Black stars belong to objects of the sample
presented in this work with spectral types between L3 and
L7. Numbers identify the objects from Table 1.
To confirm or reject the candidates, we compared our
HST/WFC3 spectra to single template spectra from the
SpeX Prism Spectral Library, and independently, to syn-
thetic L plus T composite spectra created using single
spectra from those libraries (see Table 6). To create the
synthetic composite spectra, we scaled the fluxes of the
components to 10 pc using the color-magnitude relation
from Dupuy & Liu (2012), and coadded the two compo-
nent fluxes.
Following Burgasser et al. (2006b, 2010) and Bardalez
Gagliuffi et al. (2014), we compared the goodness of the
fit of the HST/WFC3 spectra to the single, and inde-
pendently to synthetic L plus T composite spectra using
a modified χ2 (G) using equation 1 from Cushing et al.
(2008).
Finally, we tested if the fit to a composite template
spectra was significantly better than the fit to a single
template using one-sided F-test statistic. The distribu-
tion statistic ratio we used:
ηSB =
min(Gsingle)× dfcomposite
min(Gcomposite)× dfsingle (2)
where min(Gsingle) and min(Gcomposite) are the mini-
mum G for the best match to a single or a composite
template, and dfcomposite and dfsingle are the degrees
of freedom for the composite template spectra fit and
the single template fit. The degrees of freedom are the
number of data points used in the fit minus one, to
account the scaling between our spectra and the tem-
plate spectra. To rule out the null hypothesis, meaning
that the candidate spectrum is not best described by a
single template at the 99% confidence level, we require
ηSB > 1.41. The F-statistic analysis rejected five of our
candidates: 2M0310+16 (object 21), 2M0909+65 (ob-
ject 25), 2M1750-00 (object 2), 2M1507-16 (object 5)
and SIMP0136+09 (object 30).
Unresolved binaries should appear overluminous com-
pared to single brown dwarfs. To test for evidence of
overluminosity in our targets, we compared the abso-
lute magnitudes, derived using the trigonometric paral-
laxes for our targets, with the spectro-photometric abso-
lute magnitudes derived using the relation published by
Dupuy & Liu (2012) (see Table 7). To obtain spectro-
photometric absolute magnitudes we used the spectral
type of the principal component. We found that none of
the sources with trigonometric parallaxes are overlumi-
nous. Actually, we find that some of them are slightly
underluminous. This fact does not support the multi-
plicity hypothesis.
6.3. Rotational modulation and composite atmosphere
candidates
We also searched for published rotational modulation
detections for our candidates as a potential marker for
composite atmospheres. We found that nine of the thir-
teen composite atmosphere candidates have reported
photometric variability due to cloud patterns (see Ta-
ble 6). In fact, from the eight objects that satisfied
the criteria for composite spectra candidates, six are
known to have rotational modulations: 2M0624-45 (ob-
ject 13), 2MUCD 10802 (object 19), 2M1039+32 (ob-
ject 24), 2M1324+63 (object 27), 2M1219+31 (object
22), and 2M1632+19 (object 20). One is a confirmed
binary: 2M1711+22 (object 8), and one has been re-
ported as non-variable (2M1515+48, object 12).
These results suggest that Burgasser et al. (2006b,
2010), and Bardalez Gagliuffi et al. (2014) spectral in-
dices are biased towards L and T brown dwarfs that
show photometric variability due to rotational modu-
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Table 6. Candidates for composite spectra selected by Burgasser et al. (2006b, 2010) and Bardalez Gagliuffi et al. (2014) spectral indices.
Num. Name SpT Single Component Binary Components ηSB Variable?
21 2M0310+16 L8 L8 (SD J121951.45+312849.4) (L8) SD J085758.45+570851.4 + T0 (SD J042348.57-041403.5) 1.27 Yes [1]
13 2M0624-45 L6.5 L5 (2M J23512200+3010540) L3.5 (2M J2224438-015852) + T1 (SD J163239.34+415004.3) 2.18 Yes [1]
19 2MUCD 10802 L7.5 L7.5 (SD J115553.86+055957.5) L7.5 (SD J115553.86+055957.5) + T0 (Gl337CD) 1.43 No [1]
25 2M0909+65 T1.5 T2 (2M J11220826-3512363) L9.5 (SD J082030.12+103737.0) + T3.5 (SD J175032.96+175903.9) 1.03 No [1]
24 2M1039+32 T1 T1.5 (SD J090900.73+652527.2) L8 (SD J121951.45+312849.4) + T4 (2M J2254188+312349) 3.25 Yes [1]
22 2M1219+31 L8 L8 (2M J0328426+230205) L9 (2M J0310599+164816) + T0 (Gl 337CD) 2.07 Yes [1]
27 2M1324+63 T2 T2 (SD J125453.90-012247.4) L9 (SD J083008.12+482847.4) + T7.5 (2M J11145133-2618235) 3.94 Yes [1]
12 2M1515+48 L6 L9 (2M J0908380+503208) L9 (2M J0908380+503208) + T0 (SD J152039.82+354619.8) 1.69 No [1]
20 2M1632+19 L8 L8 (Gl584C) L6(2M J0825196+211552)+T0(SD J204749.61-071818.3) 2.71 Yes [1]
8 2M1711+22 L5.0+T5.5 T1 (SD J085834.42+325627.7) L6(2M J0825196+211552)+T3(SD J102109-030420) 2.30 Binary
2 2M1750-00 L5.5 L5 (2M J18131803+5101246) L4.5 (2M J15200224-4422419B) + T0.5 (SD J151643.01+305344.4) 0.79 Yes[1]
5 2M1507-16 L5.5 L5 (2M J17461199+5034036) L5 (2M J10461875+4441149) + T0 (2M J0920122+351742) 1.18 Yes [2]
30 SIMP0136+09 T2.5 T2 (2MASS J11220826-3512363) SD J213154.43-011939.3 (L9) + SD J092615.38+584720.9 (T4.5) 0.95 Yes [3]
Note—[1] - Buenzli et al. (2014), [2] - Yang et al. (2015), [3] - Artigau et al. (2009).
lations. Thus, these indices should also be useful to
search for brown dwarfs candidates with heterogeneous
cloud patterns in their atmospheres. In Table 8, we list
all objects with L4 to T4 spectral types in our sam-
ple for which the method presented in this Section are
applicable. We specify which of them have reported ro-
tational modulations in the literature, and we compare
with those that have been found by the indices as com-
posite spectra candidates.
We conclude that 21 out of the 32 objects listed in
Table 7 have rotational modulations reported in the lit-
erature (see Table 8 for details); nonetheless, only nine
are detected by the indices as candidates for compos-
ite spectra, with spectral types from L4 to T2 (spec-
tral types from the literature). None of the low-gravity
brown dwarfs found in Section 5 with reported rotational
modulations have been detected by indices. In addition,
the indices have detected three other candidates to have
composite spectra, but are not known to show rotational
modulations.
7. METHANE (1.2 µm) AND WATER (1.4 µm)
ABSORPTION BANDS FOR SPECTRAL
CLASSIFICATION
The most prominent molecular absorption bands in
the near-infrared spectra of brown dwarfs and substellar
companions are H2O, CO, and CH4. The absorption
bands of the different molecules are controlled by the
availability of C and O (Marley et al. 2010). Within the
temperature range (approx. 1800 K to 600 K and below)
of substellar objects in our sample – corresponding to
spectral types from L4 to Y1 – carbon appears mainly
in the form of CO in L dwarfs and as CH4 in T dwarfs
(Marley & Robinson 2015). The equilibrium reaction
that takes place is:
CO + 3H2 ↔ CH4 + H2O (3)
At higher temperature (L dwarfs), the left side of the re-
action is favored; thus there is an overabundance of CO,
that implies an underabundance of H2O. At lower tem-
peratures, below the L/T transition, the right hand-side
of the reaction is favored, leading to higher abundances
of CH4 and H2O (Marley & Robinson 2015). The depth
of some of these molecular bands in our HST/WFC3
spectra can serve to provide a robust spectral classifi-
cation of substellar objects. In the HST/WFC3 1.10–
1.69 µm spectra of brown dwarfs and substellar com-
panions, we are able to measure the depth of the CH4
band at approximately 1.2 µm and the H2O band at
approximately 1.4 µm, and trace their change in depth
with near-infrared spectral types (see Figures 7 and 8).
We measured the depths of the H2O and CH4 bands
using equation 1 from Allers & Liu (2013):
index =
(
λline − λcont1
λcont2 − λcont1Fcont2 +
λcont2 − λline
λcont2 − λcont1Fcont1
)
/Fline
(4)
In Table 9 we show the wavelengths in which the con-
tinuum, the center and the width of the bands are de-
fined. The minimum value of this index is 1, imply-
ing that there is no absorption feature. In addition,
we derive an exponential function to relate the near-
infrared spectral types and the depths of the CH4, and
the H2O bands. To calculate the best-fit exponential
function, we used the IDL function COMFIT.PRO, that
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Table 7. Photometric variability reported for final weak and strong candidates for composite spectra.
Num. Name SpT principal component Variable? piTrig (mas) MJ (mag) M
a
J,SP (mag)
13 2M0624-45 L6.5 Yes [1] 86.21±4.46 14.16±0.12 14.11±0.40
19 2MUCD 10802 L7.5 No [1]
24 2M1039+32 T1 Yes [1]
22 2M1219+31 L8 Yes [1]
27 2M1324+63 T2 Yes [1]
12 2M1515+48 L6 No [4] 123.8±5.0 14.56±0.09 13.94±0.40
20 2M1632+19 L8 Yes [2] 65.19±2.16 14.96±0.10 14.51±0.40
8 2M1711+22 L6.5 Binary [3] 33.11±4.71 14.69±0.36 14.11±0.40
Note—[1] - Buenzli et al. (2014), [2] - Metchev et al. (2015), [3] - Burgasser et al. (2010), [4] - Bardalez
Gagliuffi et al. (2014), [5] - Artigau et al. (2009), [6] - Yang et al. (2015).
Note—[a] - Absolute magnitude given by the empirical spectro-photometric relation by Dupuy & Liu (2012).
fits an exponential equation of the form: y = c0 ∗ cx1 + c2
using a gradient-expansion least-squares method (Mar-
quardt 1963). The exponential function was preferred
over polynomial functions, as it provides a smaller re-
duced χ2. We did not include Y dwarfs in the fit due to
their lower quality data (see Table 1), nor hot Jupiters,
as their atmospheres are, in general, physically differ-
ent. To obtain the CH4 index, we discarded as well
some companions (CD-352722 B, HN-Peg B, and GU
PSC B), as they were outliers in the SpT vs. CH4 index
plot, probably due to contamination of the star at the
wavelength range in which the CH4 index is measured.
The best fits to exponential functions are displayed in
Figures 7 and 8 with a dashed thick black line. The grey
dashed lines in those figures represent the standard devi-
ation of the data points with respect the fitted function.
The values of the coefficients for each best fit exponen-
tial functions are displayed in Table 10. In addition, in
the former Table, we also show the function that pro-
vides spectral types of brown dwarfs given the value of
the H2O and CH4 bands. In Table 11, we present the
typical dimensionless values for the H2O and CH4 bands
calculated using the exponential functions indicated in
Table 10. The depths of the H2O and CH4 bands can
provide robust spectral classification for brown dwarfs
with high-quality near-infrared spectra that includes the
1.4 µm water band. This is especially true for brown
dwarfs with spectral types later than T2, for which the
change of the band width is more abrupt with spectral
type.
Figure 7. Evolution of the depth of the H2O band at 1.4 µm
with near-infrared spectral types calculated using equation
4. The value of the depth of the H2O band is dimensionless.
8. COMPARISON OF BROWN DWARFS AND HOT
JUPITERS PHOTOMETRY AND SPECTRA
Color-magnitude diagrams have been traditionally
used to directly compare the colors and absolute mag-
nitudes of low-mass stars and brown dwarfs (Burgasser
et al. 2008; Faherty et al. 2012; Dupuy & Liu 2012, and
references therein), revealing that different parameters
influence the atmospheres of these objects. Beside ef-
fective temperatures, other secondary parameters that
influence brown dwarfs colors include surface gravity,
metallicity, dust sedimentation, and non-equilibrium
chemistry. Brown dwarfs and hot Jupiters share similar
effective temperatures and size ranges. Nevertheless, di-
rect comparisons are usually challenging, as hot Jupiters
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Table 8. L4–T4 dwarfs with reported rotational modulations and composite atmosphere candidates.
Num. Name Variable? Detected by indexes Confirmed as candidate
1 CD-352722b – No No
2 2MASS J17502484-0016151 Yes [1] Yes No
3 2MASS J03552337+1133437 – No No
4 2MASS J18212815+1414010 Yes [2] No No
5 2MASSW J1507476-162738 Yes [2] Yes No
6 2MASSI J0421072-630602 No [1] No No
7 2MASS J05395200-0059019 No [1] No No
8 2MASSI J1711457+223204 No, binary [1] Yes Yes
9 2MASS J00470038+6803543 Yes [3] No No
10 LP261-75B Yes [4] No No
11 2MASS J01075242+0041563 Yes [5] No No
12 2MASSW J1515008+484742 No [1] Yes No
13 2MASS J06244595-4521548 Yes [1] Yes Yes
14 2MASSW J0801405+462850 No [1] No No
15 PSO J318.5-22 Yes [6] No No
16 2MASSW J2224438-015852 No [7] No No
17 Luh 16AB Yes [8] No No
18 2MASSI J0825196+211552 No [1] No No
19 2MUCD 10802 No [1] Yes No
20 2MASS J16322911+1904407 Yes [1] Yes Yes
21 2MASSW J0310599+164816 Yes [1] Yes No
22 2MASS J12195156+3128497 Yes [1] Yes Yes
23 SDSS J075840.33+324723.4 Yes [13] No No
24 2MASS J10393137+3256263 Yes [1] Yes Yes
25 2MASS J09090085+6525275 No [1] Yes No
26 2MASS J21392676+0220226 Yes [9,14] No No
27 2MASS J13243553+6358281 Yes [1,14] Yes Yes
28 2MASS J16291840+0335371 Yes [13] No No
29 HN PEG B Yes [10] No No
30 SIMP J013656.5+093347.3 Yes [11,14] No No
31 GU PSC B Yes [12] No No
32 2MASS J17503293+1759042 Yes [1] No No
Note—References: [1] - Buenzli et al. (2014), [2] - Yang et al. (2015), [3] - Lew et al. (2016), [4] -
Manjavacas et al. (2018), [5] - Apai et al. in prep, [6] - Biller et al. (2018), [7] - Metchev et al. (2015), [8]
- Buenzli et al. (2015), [9] - Radigan et al. (2012), [10] - Zhou et al. (2018), [11] - Artigau et al. (2009),
[12] - Naud et al. (2017), [13] - Radigan et al. (2014), [14] - Apai et al. (2017).
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Table 9. Wavelength for the continuum and central wave-
lengths in which the depth of the CH4 and H2O bands are
measured. Wavelength units are µm.
Index λline λcont1 λcont2 Band width
H2O 1.40 1.31 1.47 0.08
CH4 1.18 1.10 1.30 0.12
Figure 8. Evolution of the depth of the CH4 band at 1.2 µm
with near-infrared spectral types calculated using equation
4. The value of the CH4 band is dimensionless.
orbit at close distance to their host stars, and they are,
therefore, highly irradiated and difficult to observe di-
rectly.
In this Section, we compare the hot Jupiters HST/WFC3
near-infrared day-side emission photometry and spec-
tra (see Table 2) to similar photometry and spectra of
field and young brown dwarfs, to explore differences
and similarities between these two classes of substellar
objects.
Before proceeding to the spectral comparison, we need
to transform the relative flux density typically given for
eclipse depth (ED) (a ratio between the flux densities
of the planet and the host star , Fλ, planet/Fλ, star), to
absolute (physical) flux density. If the flux of the planet
is given in relative eclipse depth, we transform first those
units to relative flux given in Fplanet/Fstar by:
Fλ, planet
Fλ, planet + Fλ, star
= ED → Fλ, planet
Fλ, star
=
1
1/ED − 1
(5)
Once the flux of the planet is given in Fλ, planet/Fλ, star,
to transform to actual physical flux density units, we use
a model spectrum for the temperature and surface grav-
ity of the spectral type of each the parent stars given
in Table 2. We used the BT-Settl atmospheric models
(Allard et al. 2012), scaling the model absolute flux by
(R/d)2, where R is the radius of the star in m, and d is
the distance of the system to Earth. The star radii were
obtained from Table 5 from Pecaut & Mamajek (2013).
We used trigonometric distances available either from
the Gaia DR2 (Gaia Collaboration et al. 2018) or in the
literature. Finally, we binned the stellar model spectra
to match the corresponding HST/WFC3 spectra bins
for each hot Jupiter, and obtained the physical flux
density for each planet solving equation 5 as:
Fλ, planet =
Fλ, star
1/ED − 1 (6)
Once we transformed the units of hot Jupiter spectra
to physical units (Fλ, planet in erg s
−1 cm−2 A˚−1), we
obtained HST/WFC3 photometric magnitudes in the J
(1.10-1.35 µm) and Hs-band (1.50-1.69 µm) for each
hot Jupiter and brown dwarf in our sample. The total
flux in each band was calculated by integrating the flux
densities in the relevant wavelength ranges. To obtain
J and Hs HST/WFC3 magnitudes as:
STmagJ/Hs = −2.5 logFλ, planet − ZPJ/Hs (7)
Where Fλ, planet is given in erg s
−1 cm−2
◦
A, and ZP
is the zeropoint in the J or Hs-band. We use the zero
points for the F125W (ZPF125W = 25.3293, in Vega
magnitude) and the F160W filters (ZPF160W = 24.6949,
in Vega magnitude) that are centered at those bands4.
To compare the colors of highly-irradiated hot
Jupiters and isolated brown dwarfs, we plot a J-Hs HST
color vs. MJ HST magnitude in a CMD diagram with
all brown dwarfs with available trigonometric parallax
and all hot Jupiters in Figure 8. For comparison, we
include M-Y dwarfs presented in Dupuy & Liu (2012)
after transforming their 2MASS photometry to HST
photometry using the polynomials presented in Section
B of the Appendix. Grey squares represent M dwarfs,
grey dots are L dwarfs, and grey hourglass symbols cor-
respond to T dwarfs. In addition, we add the targets
from our sample with trigonometric parallax: red dots
are L dwarfs, green hourglass symbols are T dwarfs,
blue crosses are Y dwarfs, black stars are hot Jupiters,
and pink stars are hot Jupiters after removing the con-
tribution from the reflected light of the host star. The
observed flux from the hot Jupiter is:
Fλ, planet = Fλ, thermal + Fλ, reflected (8)
Where Fλ, planet is the observed hot Jupiter spectra,
Fλ, thermal is the thermal flux from the planet, and
4 http://www.stsci.edu/hst/wfc3/ir phot zpt
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Table 10. Exponential functions relating the depth of the CH4 band at 1.2 µm and H2O band at 1.4 µm with near-infrared
spectral types.
Exponential fit
x y c0 c1 c2 χ
2
red
NIR SpT CH4 (1.13±1.09) × 10−3 1.60±0.08 1.35±0.20 1.32
NIR SpT H2O (6.51±1.90) × 10−2 1.40±0.03 (9.71±2.57)10−1 1.31
Note—The exponential function is defined as: y = c0 ∗ cx1 + c2
Note—To obtain NIR spectral types from the value of the index : x = logc1
(
y−c2
c0
)
Table 11. Typical dimensionless values for the H2O and
CH4 bands per spectral type calculated using the correspond-
ing exponential function in Table 10.
SpT Value CH4 index Value H2O index
L4 1.35±0.54 1.21±1.01
L5 1.36±0.54 1.31±1.01
L6 1.37±0.54 1.45±1.01
L7 1.38±0.54 1.64±1.01
L8 1.40±0.54 1.90±1.01
L9 1.43±0.54 2.27±1.01
T0 1.47±0.54 2.79±1.01
T1 1.55±0.54 3.50±1.01
T2 1.67±0.54 4.50±1.01
T3 1.87±0.54 5.89±1.01
T4 2.18±0.54 7.84±1.01
T5 2.68±0.54 10.54±1.01
T6 3.48±0.54 14.32±1.01
T7 4.77±0.54 19.60±1.01
T8 6.83±0.54 26.95±1.01
T9 10.13±054 37.20±1.01
Fλ, reflected is the flux reflected from the star by the
planet in the near-infrared, that depends on its albedo
at those wavelengths.
Fλ, thermal = Fλ, planet − Fλ, reflected (9)
Where,
Fλ, reflected = A× Fλ, star
4pia2star−planet
× 4piR2Planet (10)
A is the geometrical albedo in the near-infrared. The
geometrical albedo is wavelength dependent, and varies
depending on multiple factors, including the composi-
tion of the planetary atmosphere, particle sizes in its
atmosphere, surface gravity, etc. (Marley et al. 1999).
As it is non-trivial to determine the wavelength depen-
dency of hot Jupiter geometrical albedo, we assume a
maximum near-infrared constant albedo of 0.1 for the
estimation of the reflected flux from the star, as pre-
dicted by Marley et al. (1999). Fλ, star is the flux den-
sity of the star given by the corresponding model spectra
(Allard et al. 2012), scaled to the star’s distance from
Earth. The scaling was done by multiplying the model
spectrum by (Rstar/dstar−⊕)2, where Rstar is the radius
of the star (obtained from Pecaut & Mamajek 2013) and
dstar−⊕ is the distance between the Earth and the star
(based on the trigonometric parallaxes of the host stars,
see references in Table 2). astar−planet is the star-planet
distance, available in the literature for all hot Jupiters
(see Table 2). Finally, RPlanet is the radius of each
planet (Table 2).
As seen in Figure 8, the contribution of the albedo-
assumed reflected light to the observed HST/WFC3
emission spectra is almost negligible, and it does not
significantly change the colors and/or absolute magni-
tudes of the hot Jupiters considered in this study.
A sub-group within hot Jupiters has been identified
recently as ultra-hot Jupiters. The six brightest hot
Jupiters in our sample belong to this category (WASP-
33B, Kepler-13Ab, WASP-18b, WASP-121b, WASP-
103b, and WASP-12b). Lothringer et al. (2018) and
Parmentier et al. (2018) among others proposed that
under extreme irradiations strong molecular dissocia-
tions and H− opacity will significantly reduce or even
eliminate the molecular absorption bands in the day-
side emission spectra of hot Jupiters. In our spectral
library, these ultra-hot Jupiters all appear to lack the
1.4µm water absorption band (Figure 10), while they
have consistent J − H colors with the color sequence
defined by M dwarfs (Figure 8). This agrees with the
Teff of 2,500–3,000 K estimated by Haynes et al. (2015),
Beatty et al. (2017), Sheppard et al. (2017), Evans
et al. (2017), Cartier et al. (2017) and Stevenson et al.
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(2014a), respectively for the ultra-hot Jupiters in our
sample. WASP-4b and TrES-3b have similar MJ to
those of early-type L dwarfs (Dupuy & Liu 2012), with
similar Teff of ∼2,000 K (Ranjan et al. 2014). Finally,
HD 209458B and WASP-43b have similar estimated Teff
of ∼1,500-1,700 K (Line et al. 2016; Stevenson et al.
2014b, respectively), than mid-L dwarfs, and actually
lie among other mid-L dwarfs in Figure 8.
Finally, we compared the HST/WFC3 hot Jupiter
emission spectra compiled in this work, to spec-
tra collected in the SpeX Spectral Library. We
chose the best-fits based on the value of their mod-
ified χ2 (G), as obtained using equation 1, and vi-
sual inspection. We found that only three of the
ten hot Jupiters in our study had best matches
to mid-L dwarfs: HD 209458B was matched to
SDSS J104335.08+12131 (L7), WASP-43b was matched
to SDSS J140023.12+43382 (L7), and TrES-3b was
matched to 2MASS J21513979+34024 (L7 peculiar).
The other seven hot Jupiters are best matched to
M-dwarfs: WASP-33b, WASP-103b and WASP-18b
are best matched by M3-type stars (NLTT 6012a,
2MASSJ13032137+23511, and LSPMJ0734+5810, re-
spectively). Kepler-13Ab is best matched by 2MASS
J11070582+28272 (M7), that is consistent with the re-
sult of Beatty et al. (2017), who found a best match to
an M8 brown dwarf. WASP-4b best matched to 2MASS
J02481204+24451 (M8). Finally, we did not find a best
match for WASP-12b and WASP-121b (see Figure 10).
These results are in general consistent with the posi-
tions of hot Jupiters within the CMD in Figure 8, and
with the temperatures predicted for those objects by
their respective authors. In addition, these results also
agree with predictions made by the atmospheric models
presented in Fortney et al. (2008), in which they sug-
gested that there are two classes of hot Jupiter day-side
atmospheres analogous to the M- and L dwarfs spec-
tral types, that they called pM and pL, respectively.
The pM class planets have hot stratospheres due to
the high irradiation of their parent star (Teff >2000 K)
with temperature inversion in their atmospheres, and
molecular bands in emission. The models predict that
the temperature differences between their day and night
side are high due to radiative time constants at photo-
spheric pressures are shorter than advective timescales.
In contrast, the pL class planets are less irradiated by
their parent star. The incident flux from the parent
star is absorbed in the atmosphere, and redistributed
easily, as there is no thermal inversion in their photo-
spheres. Thus, they have cooler day sides and warmer
night sides. Their spectra are dominated by H2O, in
the near-infrared, and by Na and K absorptions in the
optical.
Our results are consistent with, and extend on, a pre-
vious study by Triaud (2014), who compared in a CMD
plot transiting planet dayside emission measured in two
Spitzer/IRAC bands ([3.6] and [4.5] filters) to those of
brown dwarfs. This comparison suggested overall sim-
ilarity, with a few possible outliers. The Spitzer color-
magnitude comparison is particularly sensitive to the
presence/absence of methane absorption. In a follow-up
work Triaud et al. (2014) extended their study to near-
infrared continuum bands, and to a larger sample us-
ing photometric distances to compare their objects with
brown dwarfs in a CMD plot. They found that, for
a given luminosity, hot Jupiters’ daysides show larger
ranges of colors than brown dwarfs, specially with de-
creasing intrinsic luminosity. In contrast, our study sug-
gests that brown dwarfs and hot jupiters tend to be simi-
lar in the shorter-wavelength continuum emission (J and
H bands) bands and that, for many hot jupiters, brown
dwarfs can provide surprisingly good spectral matches.
Fortney et al. (2008) used these atmospheric models
to predict the classes of several hot Jupiters, in which
TrES-3b and HD 209458B were included. He found that
TrES-3b should belong to the pM class, as we consis-
tently obtained. He predicted HD 209458B to be in the
transition zone between both classes, but, as Line et al.
(2016) also found, we conclude that this hot Jupiter
matches better to an L-dwarf spectrum, thus, to the
pL class.
9. SUMMARY AND CONCLUSIONS
We present a very high-quality HST/WFC3 near-
infrared spectral library of brown dwarfs (field and
companion to stars), planetary-mass objects, and hot
Jupiters, to enable quantitative comparative studies. In
this paper, we provide an initial characterization and
analysis of these HST/WFC3 near-infrared spectra:
1. In Section 3 we derive near-infrared spectral types
for the brown dwarfs and the substellar compan-
ions to stars uniformly, using as comparison the
SpeX Spectral Library templates. We conclude
that their spectral types are mostly consistent
with the spectral types provided in the literature
within ±1.5 subspectral type. The only exception
is for low surface-gravity objects, for which the
differences found in spectral types are ±3 spectral
types. This is expected, as the SpeX Spectral Li-
brary templates are mostly composed of field grav-
ity low-mass stars and brown dwarfs.
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Figure 9. CMD diagram showing brown dwarfs and hot Jupiters together. Red dots represent L dwarfs, green hour-glasses
represent T dwarfs, and blue crosses represent Y dwarfs. hot Jupiters are shown as black stars, and hot Jupiter after removing
the contribution of their albedo (thermal flux) are shown as pink stars.
2. In Section 4 we plot a MJ vs. J − H color-
magnitude diagram to compare our sample to
other substellar objects, with the objective to iden-
tify brown dwarfs with peculiar colors/brightness,
including red or blue objects, low-surface gravity
objects, binaries, etc. We find that objects 32
(2M1750+1759, known binary), and 34 (2M0559-
34, overluminous), are overluminous in the color-
magnitude diagram suggesting that they are po-
tential multiple systems.
3. In Section 5 we obtain the H-continuum and KIJ
near-infrared spectral indices from Allers & Liu
(2013) to search for potential L4 to L8 low-surface
gravity substellar objects in our sample. We found
two very low-gravity dwarfs: CD−352722B (ob-
ject 1) and 2M0355+1133 (object 3). In addi-
tion, we found five intermediate surface-gravity
objects: 2M0421-6306 (object 6), W0047 (object
9), 2M0107+0041 (object 11), PSO J318.5-22 (ob-
ject 15) and 2M2224-0158 (object 16).
4. In Section 6 we apply the method from Burgasser
et al. (2006b, 2010) and Bardalez Gagliuffi et al.
(2014) to search for candidates for composite spec-
tra in our sample. Their spectral indices selected
13 composite spectra candidates, from which eight
were selected from the F-statistic analysis de-
scribed in Section 6. None of these eight objects
are overluminous, as would be expected for binary
or multiple brown dwarfs systems. In addition, we
found that five of the eight selected objects have
been reported in the literature as photometrically
variable. Thus, this method might be useful to
find potential variable late L and early T dwarfs.
Nevertheless, we also found that not all objects
in our sample with reported photometric variabil-
ity have been detected by Burgasser et al. (2006b,
2010), and Bardalez Gagliuffi et al. (2014) method.
The indices itself detected 9 out of 19 variables and
3 no variable objects in our sample, with spectral
types between L4 and T2.
5. In Section 7 we measure the depths of the wa-
ter band at ∼1.4 µm and the methane band at
∼1.2 µm for brown dwarfs and substellar com-
panions to stars. We derive a relation between
their near-infrared spectral types and the depths
24 Manjavacas et al.
Figure 10. Best matches of hot Jupiters to brown dwarf spectra and M-dwarfs.
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of those bands, providing a tool for spectral clas-
sification of other substellar objects.
6. In Section 8 we compare the emission spectra of
the dayside of hot Jupiters to the spectra of brown
dwarfs and substellar companions to stars in our
sample and low-mass stars and brown dwarfs from
the SpeX spectral library. We found best matches
to either L or M-dwarfs for eight out of the ten
hot Jupiters of our sample. In addition, we plot
a color-magnitude diagram using J and Hshort
HST bands for all our sample. The hottest hot
Jupiters, WASP-33B, Kepler-13Ab, WASP-18b,
WASP-121b, WASP-103b, and WASP-12b have
similar MJ magnitudes to mid-M dwarfs (Dupuy
& Liu 2012), which agrees with the Teff of 2,500–
3,000 K estimated by their respective authors.
WASP-4b and TrES-3b have similar MJ that early
L dwarfs (Dupuy & Liu 2012), with similar Teff
of ∼2000 K. Finally, HD 209458B and WASP-43b
have similar estimated Teff of ∼1500-1700 K (Line
et al. 2016; Stevenson et al. 2014b, respectively),
than mid-L dwarfs, and actually lie among other
mid-L dwarfs in the CMD diagram.
The HST/WFC3 near-infrared spectra presented in
this work will be available as csv files that will include
wavelength, flux and uncertainty in flux. The spec-
tral library will be available in a machine-readable for-
mat at the High-level Science Products website at the
MAST archive under the Cloud Atlas program’s page
doi:doi:10.17909/t9-asft-6k38.
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A. DATASET DESCRIPTION AND DATA
REDUCTION
In the following we summarize the key steps and ref-
erences for the different data reductions performed on
the spectra compiled in this work.
A.1. Brown Dwarf and Low-mass Companion Spectra
A.1.1. Time-resolved spectra
We present the datasets with time-resolved spec-
troscopy taken for several of the brown dwarfs compiled
in this work.
The Apai et al. (2013) dataset consists of the first
two brown dwarfs (SIMP J013656+093347 and 2MASS
J21392676+0220226) observed in time-resolved observa-
tions, and obtained in the GO-12314 program (PI Apai).
Each objects was observed in six consecutive HST orbits.
Apai et al. (2013) provides a detailed summary of the
reduction procedure. In this spectral library, we present
the median of the time-resolved spectra for each object.
The Buenzli et al. (2012) study presented near-
infrared, time-resolved, six orbit-long spectroscopy of
a single target (2M2228, object 37) and was reduced
with a method identical to that in Apai et al. (2013).
These data were also taken in program GO-12314 (PI:
Apai), and the target was also a known variable brown
dwarf. The observations showed spectral variability
with pressure-dependent phase shifts Buenzli et al.
(2012). We took the median of the time-resolved spectra
for our library.
The Buenzli et al. (2014) sample consists of 22 brown
dwarfs with spectral types between L5 and T6. These
data were collected in an HST SNAP program (PO
12550, PI Apai). Basic reduction followed the same
steps as for the previous programs. The ramp effect
was corrected using an analytical function fitted to the
flux of a non-variable star as in Apai et al. (2013), in
addition to removing the first 180 s of each time series
where the scatter in the ramp effect is substantial.
The Buenzli et al. (2015) study presented spatially
and temporally resolved spectroscopy for the Luhman
16 A and B binary brown dwarf components. Reduc-
tion followed the steps described in Apai et al. (2013);
Buenzli et al. (2014). We present the combined Luhman
16 A and B spectra in this paper.
The time-domain programs described above focused
on relative variations and did not correct for wavelength-
dependent aperture losses, which is not relevant in the
related studies. However, for our purposes these correc-
tions are necessary. We performed a uniform aperture
correction on all sources from the above studies to cor-
rect for flux loss due to the finite width of the spectral
extraction windows. We corrected for the missing flux
per wavelength on the basis of measured wavelength-
dependent flux losses, performing a bi-linear interpola-
tion in wavelength and aperture width of the values of
the aperture corrections tabulated in Table 6 from Har-
tig (2009).
Within the Cloud Atlas HST treasury program (HST
GO 14241), time-resolved spectroscopy observations for
eight L4 to T7 high- and low-surface gravity brown
dwarfs were obtained. The data were collected between
September 2015 and September 2018. The Cloud Atlas
program uses time-resolved spectroscopy to probe the
spatial distribution and properties of condensate clouds.
A publication in preparation (Apai et al., in prep.) will
provide an overview of the program and its key results
from the time-resolved spectroscopy. Results for three
objects have already been published (WISE0047: Lew
et al. 2016; LP261-75B: Manjavacas et al. 2018; HN Peg
B: Zhou et al. 2018), while other papers are in prepara-
tion (S0107: Apai et al. 2018, in prep.). Here we present
the spectral results based on time-averaged spectra for
all objects. We performed the data reduction using very
similar methods as described above for previous stud-
ies (Apai et al. 2013; Buenzli et al. 2012, 2014, 2015,
and references therein). An important difference, how-
ever, is the use of a significantly improved WFC3 ramp
correction method. Zhou et al. (2017) identified charge
trapping and delayed release as the cause of the “ramp
effect” and developed a solid-state physics-based model
capable of reliably correcting this effect in a wide vari-
ety of WFC3 data. Most of the Cloud Atlas datasets
published use the ramp effect correction by Zhou et al.
(2017). The uncertainty level for our spectra after the
data reduction is 0.1–0.3% per spectral bin, measured
using the reduced individual spectra. These uncertain-
ties are due to photon noise, errors in the sky subtrac-
tion, and the read-out noise. Finally, we performed
aperture corrections following the same procedure as for
the other spectra mentioned previously in this Section.
Within the HST GO 13299 and 14051 (P.I. Radi-
gan), time-resolved near-infrared spectra observations
were obtained with HST/WFC3 to study the rota-
tional modulations of two unusually blue L dwarfs.
The objective of this project was making spectrally
and spatially resolved maps of these objects. These
objects are SDSS J075840.33+324723.4 (object 23),
and 2MASS J16291840+0335371 (object 28). SDSS
J075840.33+324723.4 was observed during five con-
secutive orbits, and 2MASS J16291840+0335371 was
observed during four consecutive orbits. The data re-
duction was performed using a similar procedure as for
the Cloud Atlas treasury program data. In this paper,
we present the median combined spectra of all the time-
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resolved near-infrared spectra taken during the consec-
utive orbits in which these objects were observed. The
uncertainty level for these spectra after median combine
all time-resolved spectra is ∼0.03% at 1.25 µm. These
uncertainties are due to photon noise, errors in the sky
subtraction, and the read-out noise.
Finally, Biller et al. (2018) presents time-resolved
spectroscopy of the red L7 dwarf, PSO 318-22. A dif-
ference with the previous studies is that the ramp cor-
rection was corrected using four background stars in the
field of view (2-3 times brighter than the target). They
median combined and normalized the while light curves
of the background stars to produce a calibration curve.
Then they divided the target’s light curve by the calibra-
tion curve to eliminate the ramp effect and other system-
atics, following a similar approach as done by previous
ground studies (Biller et al. 2015; Radigan 2014).
A.1.2. Single spectra
S Ori 70 and S Ori 73 (Pen˜a Ramı´rez et al. 2015)
are T7±0.5 and T4.5±0.5 dwarfs, respectively. S Ori 70
and S Ori 73 were observed with HST/WFC3 (PI Lucas,
HST-GO-12217). Details on the data reduction can be
found in Pen˜a Ramı´rez et al. (2015).
In addition, we include 22 T8 to Y2 brown dwarf spec-
tra presented and analyzed in Schneider et al. (2015).
The observations were carried out within the P.I. Kirk-
patrick, programs 12330, 13178 and P.I. Cushing, pro-
grams HST-GO-12544 and HST-GO-12970. As G141
with which the observations were performed is slitless
grism, the source spectra are sometimes contaminated
by photons from nearby sources. To address this prob-
lem, Schneider et al. (2015) developed a source extrac-
tion routine to define source apertures and background
regions on the individual images. After the best aper-
ture is defined, aperture corrections and flux calibrations
are performed following Kuntschner et al. (2011). For
objects with multiple visits, the images have been me-
dian combined to produce a final spectroscopic image.
Finally, spectra are extracted as indicated above. The
published spectra are time-averaged spectra.
A.2. Hot Jupiter emission spectra
In this Section, we summarize the different reduction
methods performed by the respective authors in which
hot Jupiter’s emission spectra were published.
A.2.1. WASP-18b
The emission spectrum of WASP-18b was presented
in Sheppard et al. (2017). Observations of three indi-
vidual eclipse events were obtained during three epochs
as part of the program GO 13467. At a forth epoch
observations were obtained with two eclipses within an
orbital phase curve. Grism observations were taken in
spatial scan mode with forward-reverse cadence (Dressel
2018). Further details in the data reduction are found
in Sheppard et al. (2017). Finally, a forward scan and a
reverse scan light curve were obtained and analyzed sep-
arately. To correct non-astrophysical effects, the system-
atic trends were removed using parametric marginaliza-
tion (Wakeford et al. 2016), and then further detrend-
ing was performed by the subtraction of scaled band-
integrated residuals from wavelength bins (Haynes et al.
2015). The wavelength bins of the spectrum are given
in Table 1 of Sheppard et al. (2017).
A.2.2. WASP-33b
The emission spectrum of WASP-33b was first pub-
lished by Haynes et al. (2015). WASP-33b is orbiting
a δ-Scuti star (Herrero et al. 2011), and its modula-
tions were model with sine functions. To produce the
2D spectral frames from the files provided by the stan-
dard pipeline, a top hat mask was applied in the spatial
direction of each read of a width of 20 pixels tall (Her-
rero et al. 2011); then, subsequent reads were subtracted
and added to differenced frames to create one scanned
image (Deming et al. 2013). To correct bad pixels, the
method by Mandell et al. (2013) was used within the
combined spectral frames, and combine the images into
1D spectra. To perform the wavelength and flat-field
wavelength dependent calibrations, the coefficients from
Wilkins et al. (2014) were used.
A.2.3. WASP-12b
The emission spectrum of WASP-12b was published
in Stevenson et al. (2014a). The observations of WASP-
12b were taken in five consecutive in staring mode. Fur-
ther details on the observations can be found in Swain
et al. (2013). Data were reduced using the standard
HST pipeline as explained in detailed in Stevenson et al.
(2014a).
To trace the first order spectra, the direct image was
located using a two-dimensional Gaussian and then use
Table 1 in Kuntschner et al. (2009) to provide a direct-
to-dispersed image offset. The wavelength calibration
is performed using the coefficients provided in Table 5
from Kuntschner et al. (2009). The flat field was mod-
eled using the standard calibration flat files. The spec-
tral extraction was performed within a box of 150×150
pixels centered on the spectrum. The spectral extraction
was performed along 40 pixels in the spatial direction,
and the remaining pixels in the box were used for the
background subtraction, generating eleven light curves.
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A.2.4. WASP-121b
The emission spectrum of WASP-121b was first pre-
sented in Evans et al. (2017). Data reduction performed
using the HST/WFC3 standard pipeline. Details ex-
plained in detailed in Evans et al. (2017). The target flux
was extracted taking the difference between successive
non-destructive reads. The background was measured as
a median count of a box of 110 columns along the dis-
persion axis and 20 rows along the cross-dispersion axis.
To remove flux contributions from nearby stars and cos-
mic ray hits, all pixels above and below 35 pixels from
the center of the spectrum along the cross-dispersion
axis were set to zero. Finally, all frames were added to-
gether. The spectrum was then extracted by summing
the flux within a rectangular aperture across the disper-
sion axis with apertures from 100 to 200 pixels. The
data taken during the first HST orbit were discarded
due to a strong ramp effect, as well as the first exposure
of the remaining HST orbits.
A.2.5. WASP-43b
The emission spectrum of WASP-43b was first pre-
sented in Stevenson et al. (2014b). The observations
were performed during 13-14 HST orbits on each pri-
mary transit or secondary eclipse visit, each of them
consisting of four orbits. Due to the ramp effect, the
first orbit of each visit was removed from the analysis.
For the rest, the ramp was fitted with an exponential
ramp model. Further details on the data reduction can
be found in Stevenson et al. (2014b).
A.2.6. WASP-103b
The emission spectrum of WASP-103b was first pre-
sented in Cartier et al. (2017). WASP-103b was ob-
served with ten HST orbits in two visits. The first orbit
of both visits was discarded.
To remove the background, images were created using
sequential pairs of up-the-ramp readouts within each ex-
posure. For those subframes, a conservative mask was
used to determine the background region and measure
the sky background level, assuming that is spatially flat
and uniform due to the short exposure times. This back-
ground was subtracted from all subframes. In addition,
a smaller mask was defined (Deming et al. 2013; Knut-
son et al. 2014) and all pixels outside of the mask were
zeroed. This helps to reduce noise and exclude cosmic
rays (CRs) in the background area when later combining
all subframes to determine the flux for each exposure.
Special flat fields were created for the data reduction
using the determined centroids in the spectral direction
(X) and scan direction (Y) direct image frame, assum-
ing that every column has the same wavelength (Cartier
et al. 2017). Finally, to remove additional cosmic rays
and bad pixels, a moving median filter was applied. The
final extracted spectrum was binned to 22 wavelength
channels.
Instrumental effects and systematics due to the ramp
correction were removed using Gaussian Processes (GP)
regression (Rasmussen & Williams 2006) that does not
need to pre-specify a parametric model. To find the
best fit light curve eclipse model GP regression was used
(Cartier et al. 2017).
A.2.7. TrES-3b and WASP-4b
The emission spectra of TrES-3b and WASP-4b were
first presented in Ranjan et al. (2014). The observations
were carried out during four consecutive orbits during
the eclipse of TrES-3b, and five consecutive orbits during
the eclipse of WASP-4b. The first orbit of each obser-
vation was discarded to avoid the most prominent ramp
effect systematics.
The details on the data reduction can be found in
Ranjan et al. (2014). The background subtraction was
performed by choosing a fixed area on the detector,
matching the wavelength range of the spectrum free of
object flux in the individual 2D images. These back-
ground columns are scaled to match the spectral ex-
traction aperture. Finally, the extracted spectra were
binned in wavelength to enhance the signal-to-noise per
resolution element (see the bin’s wavelength ranges in
Ranjan et al. 2014 for each object).
A.2.8. Kepler-13Ab
The emission spectra of Kepler-13Ab was first pre-
sented in Beatty et al. (2017). The Kepler-13Ab system
is composed by three stars: the planet host, Kepler-13A,
and the unresolved binary Kepler-13BC, with the two
components separated by 1.”15 (Shporer et al. 2014).
The observations were carried out during two visits
were composed of a total of five HST orbits. The planet
host star is in a close binary system. The data reduc-
tion includes primary subtraction. All details of the
data reduction can be found in Beatty et al. (2017).
The cosmic-rays hits were removed separately in an area
around the stellar spectra, and the area dominated by
the sky background. Finally, the background was sub-
tracted from each exposure by defining two background
regions across the bottom and top of each of these im-
ages.
To perform a spectral extraction of Kepler-13Ab, the
contribution of Kepler-13BC needs to be subtracted
first. Using the WAYNE simulator (Varley et al. 2017),
the artificial 2D spectra of Kepler-13BC was created
and subtracted to create an undiluted 2D spectrum of
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Kepler-13A. Finally, to perform the light-curve extrac-
tion, the spectral trace of Kepler-13A was fitted with
a Gaussian profile along the detector columns. Then
the columns along the detector were summed using an
extraction aperture with a half width of 4.5 pixels, to
generate a 1D spectrum of Kepler-13A.
The wavelength calibrations was done using the di-
rect image taken at the beginning of each of the vis-
its. The X- and Y- location of both Kepler-13A and
Kepeler-13BC where determined on the detector subar-
ray, and then Kuntschner et al. (2009) wavelength cal-
ibration method was implemented to calculate a wave-
length solution for each star. The Paschen-β line visible
at 1.282 µm was used to verified the accuracy of the
wavelength calibration.
A.2.9. HD 209458B
The emission spectra of HD 209458B was first pre-
sented in Line et al. (2016). HD 209458b was observed
as part of the GO 13467 HST treasury program. It was
observed during secondary eclipse over five visits, each
with five HST orbits. The first orbit of each visit were
excluded from the analysis to minimize the impact of the
ramp effect on the dataset. A direct image was taken at
the beginning of each orbit to aid the wavelength cali-
bration.
All details about the data reduction can be found in
Line et al. (2016). To extract the 1D spectra, and opti-
mal extraction was used (Horne 1986) with a extraction
window of 110 pixel rows centered on the spectra and
flanked by additional 110 pixels rows for background
extraction. The spectral of all frames were combined.
Finally, the combined spectra was divided into 10 spec-
troscopic bins.
B. TRANSFORMATION BETWEEN 2MASS TO
HST MAGNITUDES
We derive empirical relations to transform L and T
brown dwarf magnitudes from the 2MASS to the HST
photometric system. To obtain the HST/WFC3 near-
infrared magnitudes, we follow the same procedure than
in Section 8, equation 7. In Figure A1 we show the re-
lation between the J and H-band 2MASS magnitudes,
and the J and Hs-bands in the HST photometric sys-
tem. We do not include the T9-T9.5 dwarfs with high
phometric uncertainties. Finally, we calculate a linear
relationship between both photometric systems for the
J and the H-band independently. The coefficients for
both relations are presented in Table A2.
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Figure A1. Relation between J and H 2MASS magnitudes, and J and Hs HST magnitudes for L and T dwarfs. L dwarfs are
shown as red points, and T dwarfs are shown as blue points. Photometric uncertainties are smaller than the symbols.
Table A3. Spectral indices to select L plus T brown dwarf binary candidates.
Index Numerator Rangea Denominator Rangea Feature Reference
H2O-J 1.140-1.165 1.260-1.285 1.150 µm H2O 1
CH4-J 1.315-1340 1.260-1285 1.320 µm CH4 1
H2O-H 1.480-1.520 1.560-1.600 1.400 µm H2O 1
CH4-H 1.635-1.675 1.560-1.600 1.650 µm CH4 1
H-dip 1.610-1.640 1.560-1.590 + 1.660-1.690b 1.650 µm CH4 2
J-slope 1.27-1.30 1.30-1.33 1.28 µm flux peak shape 4
J-curve 1.04-1.07+1.26-1.29c 1.14-1.17 Curvature across J-band 4
H-bump 1.54-1.57 1.66-1.69 Slope across H-band peak 4
Derived NIR SpT near-infrared spectral typed 1
Note—a: Wavelength range in nm over which flux density is integrated; b: denominator is the sum of the flux in the two wavelength ranges; c:
numerator is the sum of the two ranges; d: near-infrared spectral type derived using comparison to SpeX spectra. References: 1 – Burgasser et al.
(2006b); 2 – Burgasser et al. (2010); 3 – Burgasser et al. (2002); 4 –Bardalez Gagliuffi et al. (2014).
Table A4. Index criteria for the selection of potential brown dwarf binary systems
Abscissa Ordinate Inflection Points
H2O-H H-dip (0.5,0.49),(0.875,0.49)
Spex SpT H2O-J/H2O-H (L8.5,0.925),(T1.5,0.925),(T3,0.85)
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Table A5. Delimiters for selection regions of potential brown dwarf binary systems
Abscissa Ordinate Limits
SpT CH4-H Best fit curve: y = −4.3x10−4x2+0.0253x + 0.7178
H2O-J CH4-H Intersection of: -0.08x+1.09 and x = 0.90
H2O-J H-bump Intersection of: y = 0.16x+0.806 and x = 0.90
CH4-J CH4-H Intersection of: y = -0.56x + 1.41 and y = 1.04
CH4-J H-bump Intersection of: y = 1.00x + 0.24, x = 0.74 and y = 0.91
CH4-H J-slope Intersection of: y = 1.250x -0.207, x = 1.03 and y = 1.03
CH4-H J-curve Best fit curve: y = 1.245x
2 - 1.565x + 2.224
CH4-H H-bump Best fit curve: y = 1.36x
2 - 4.26x + 3.89
J-slope H-dip Intersection of y = 0.20x + 0.27 and x = 1.03
J-slope H-bump Intersection of: y = -2.75x + 3.84 and y = 0.91
J-curve H-bump Best fit curve: y = 0.269x2 - 1.326 + 2.479
Figure A2. Spectral index selection. Numbers correspond to our objects. The boxes shown with dashed lines mark the areas
where the selection criteria of Table A4 and A5 are valid.
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Figure A3. Spectral index selection. Numbers correspond to our objects. The boxes shown with dashed lines mark the areas
where the selection criteria of Table A4 and A5 are valid.
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Figure A4. Spectral index selection. Numbers correspond to our objects. The boxes shown with dashed lines mark the areas
where the selection criteria of Table A4 and A5 are valid.
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